Sulfur atoms are present as thiol and thioether functional groups in amino acids, coenzymes, cofactors, and various products of secondary metabolic pathways. The biosynthetic pathways for several sulfur-containing biomolecules require the substitution of sulfur for hydrogen at unreactive aliphatic or electron-rich aromatic carbon atoms. Examples discussed in this review include biotin, lipoic acid, methylthioether modifications found in some nucleic acids and proteins, and thioether cross-links found in peptide natural products. Radical S-adenosyl-L-methionine (SAM) enzymes use an iron-sulfur cluster to catalyze the reduction of SAM to methionine and a highly reactive 5-deoxyadenosyl radical; this radical can abstract hydrogen atoms at unreactive positions, facilitating the introduction of a variety of functional groups. Radical SAM enzymes that catalyze sulfur insertion reactions contain a second iron-sulfur cluster that facilitates the chemistry, either by donating the cluster's endogenous sulfide or by binding and activating exogenous sulfide or sulfur-containing substrates. The use of radical chemistry involving iron-sulfur clusters is an efficient anaerobic route to the generation of carbon-sulfur bonds in cofactors, secondary metabolites, and other natural products.
Sulfur atoms are present as thiol and thioether functional groups in amino acids, coenzymes, cofactors, and various products of secondary metabolic pathways. The biosynthetic pathways for several sulfur-containing biomolecules require the substitution of sulfur for hydrogen at unreactive aliphatic or electron-rich aromatic carbon atoms. Examples discussed in this review include biotin, lipoic acid, methylthioether modifications found in some nucleic acids and proteins, and thioether cross-links found in peptide natural products. Radical S-adenosyl-L-methionine (SAM) enzymes use an iron-sulfur cluster to catalyze the reduction of SAM to methionine and a highly reactive 5-deoxyadenosyl radical; this radical can abstract hydrogen atoms at unreactive positions, facilitating the introduction of a variety of functional groups. Radical SAM enzymes that catalyze sulfur insertion reactions contain a second iron-sulfur cluster that facilitates the chemistry, either by donating the cluster's endogenous sulfide or by binding and activating exogenous sulfide or sulfur-containing substrates. The use of radical chemistry involving iron-sulfur clusters is an efficient anaerobic route to the generation of carbon-sulfur bonds in cofactors, secondary metabolites, and other natural products.
Sulfur is present as a relatively low abundance element in all organisms; for example, the human body is 0.2% sulfur by mass (1) , whereas rapidly dividing Escherichia coli grown in a sulfateenriched minimal medium are 0.3% sulfur by mass (2) . The vast majority of this sulfur is present as inorganic sulfate, as well as a variety of organic molecules including cysteine, methionine, several related metabolites including homocysteine and S-adenosyl-L-methionine (SAM), 2 and sulfate esters and sulfonamides in polysaccharides and proteins, for example, heparin and chondroitin. Sulfur metabolism classically revolves around the activation and reduction of sulfate to sulfide, incorporation into cysteine, and the transfer of reduced sulfur from cysteine into homocysteine and ultimately methionine (3) . Once sulfur is in the fully reduced state, enzyme reactions in sulfur metabolism typically involve polar chemistry in which anionic organothiolates function as nucleophiles or leaving groups; for example, the enzyme cystathionine-␥-synthase from methionine biosynthesis catalyzes the attack of a cysteine thiolate on a conjugated alkene derived by elimination of succinate from O-succinylhomoserine (4) . Polar addition reactions have relatively high turnover rates and are not usually sensitive to oxygen, and are therefore more suitable for primary metabolic pathways in aerobic organisms. However, polar reactions generally require an electrophilic carbon atom or a position that can easily be made more electrophilic during the course of an enzymatic reaction, whereas many positions within biomolecules are unactivated aliphatic or electron-rich aromatic carbon atoms.
Radical SAM Enzymes Can Introduce New Sulfurcontaining Functional Groups
A number of cofactors and secondary metabolites contain sulfur that is added to carbon atoms that would not be predicted to accept sulfur nucleophiles in a polar reaction ( Fig. 1 ). For example, the precursor to biotin contains unreactive aliphatic methyl and methylene carbon atoms at the positions where a sulfur atom is added during the last step in the biosynthetic pathway. The site of methylthiolation of aspartate 89 in the ribosomal protein S12 is on the ␤-carbon, adjacent to the side-chain carboxylate, a site that could potentially be deprotonated to an nucleophilic enolate, but that is difficult to transform into an electrophilic carbon. These sites can, however, be activated through hydrogen atom abstraction in a radical enzyme reaction; the product is a carbon radical that is electron deficient and will readily form new C-S bonds. Radical SAM enzymes carry out hydrogen atom abstraction from unreactive carbon atoms in a variety of substrates by coupling hydrogen atom transfer to reduction of the SAM sulfonium center.
The radical SAM superfamily includes thousands of enzymes that catalyze a diverse array of biochemical reactions (5) . The enzymes contain a core (␤␣) 6 architecture that binds a [4Fe-4S] 2ϩ cluster to a conserved CXXXCXXC motif found in a loop between the first ␤ strand and ␣ helix (6) . Although three of the iron atoms in the cluster are bound by the cysteine residues in the conserved motif, the fourth position is occupied by the methionyl amine and carboxylate groups of SAM, bringing the sulfonium group of SAM into van der Waals contact with both iron and sulfur atoms in the cluster. Reduction of the cluster to a [4Fe-4S] ϩ state results in partial occupancy of antibonding orbitals in the sulfonium group (7) , triggering rapid cleavage of the sulfonium C5Ј-S bond to yield a 5Ј-deoxyadenosyl (5Ј-dA ⅐ ) radical. The 5Ј-dA ⅐ radical can be readily quenched by abstracting a hydrogen atom from nearby atoms in the substrate, generating 5Ј-deoxyadenosine (5Ј-dAH) and a high-energy substrate-centered radical that reacts in a variety of ways, depending on the detailed structure of the substrate and the enzyme active site.
Once a substrate-centered carbon radical has been generated, the introduction of a sulfur atom or a sulfur-containing functional group would seem straightforward. Carbon radicals are rapidly quenched by reaction with disulfides and polysulfides, often generating a mixture of products that includes new C-S bonds. An enzyme that catalyzes this reaction in a controlled manner must deal with two chemical problems. First, any stable sulfur-containing substrate will have an even number of electrons, and the enzyme must remove an electron prior to or at the same time as C-S bond formation. Second, at neutral pH, a reduced sulfide or thiol will usually have S-H bonds, and the substrate radical can be quenched more rapidly by abstracting a hydrogen atom from an S-H bond, rather than generating a new C-S bond. These problems are solved by using a second "auxiliary" FeS cluster to provide the sulfur or to bind the sulfur-containing substrate.
Biotin Synthase Uses an Auxiliary [2Fe-2S] 2؉ Cluster to Provide Sulfur for Thioether Formation
Biotin (Fig. 1) is a cofactor in a number of enzymes that catalyze carboxyl transfer reactions, where carbon dioxide reacts with the N5Ј position in the ureido ring (8) . The thioether ring is sterically bulky and provides protection against hydrolysis, thereby prolonging the lifetime of this unstable carboxybiotin intermediate. The thioether functional group is introduced in the last step of the biosynthetic pathway. The precursor dethiobiotin contains a methyl group at C9 derived from L-alanine and a methylene group at C6 derived from pimelic acid (9) . Biotin synthase inserts a sulfur atom between these two positions. The enzyme uses 2 eq of SAM as a net oxidant and generates 2 eq of 5Ј-dAH with hydrogen atoms derived from both C9 and C6 (10) . Early studies established that the enzyme is purified with a [2Fe-2S] 2ϩ cluster that is bound to Cys-97, Cys-121, Cys-188, and Arg-260 (E. coli numbering), whereas the canonical radical SAM FeS cluster binding site is empty (11) (12) (13) (14) . Reconstitution under mild reducing conditions leads to assembly of a [4Fe-4S] 2ϩ cluster at this site, resulting in active enzyme (15) .
When reconstituted biotin synthase is mixed with dethiobiotin, SAM, and an enzymatic reducing system, the enzyme undergoes ϳ1 turnover per dimer in 15 min and then turns over more slowly, reaching ϳ4 turnovers per dimer after 4 h (16) . Enzyme turnover is accompanied by reduction and destruction of one [2Fe-2S] 2ϩ cluster per dimer (12, 15) . Because there is no other sulfur source added to the enzyme, this strongly suggests that the [2Fe-2S] 2ϩ cluster is the source of sulfur for biotin formation. When the enzyme reaction is run with excess [ 34 S]sulfide in both the [4Fe-4S] 2ϩ cluster and the buffer, but has natural abundance sulfide in the [2Fe-2S] 2ϩ cluster, biotin formed in the first turnover contains only natural abundance sulfur (16) . Additional slower turnovers incorporate [ 34 S]sulfide, possibly suggesting that the [2Fe-2S] 2ϩ cluster is spontaneously reassembled using sulfide from the buffer.
Because the enzyme reaction requires 2 eq of SAM and generates 2 eq of 5Ј-dAH and methionine, but each monomer only has one binding site for SAM, and then the enzyme must generate a dethiobiotin-derived intermediate that remains bound while 5Ј-dAH and methionine dissociate and a second equivalent of SAM binds. The formation of an intermediate had been suggested by earlier studies, but the identity could not be confirmed (17) . Using two methods, this intermediate was shown to be 9-mercaptodethiobiotin (9-MDTB). First, the compound co-eluted on LC-MS with a synthetic sample of 9-MDTB and had the correct mass (18) . Second, when 9-[methyl-2 H 3 ]dethiobiotin was used as a substrate, the 9-MDTB formed retained only two deuterium atoms, indicating that one deuterium had been transferred to 5Ј-dAH(D) during formation of the intermediate and that the newly added thiol group was at C9 (18) .
Formation of 9-MDTB from a dethiobiotinyl carbon radical and sulfide requires that an electron must be removed from sulfide during catalysis, which would likely end up in one of the FeS clusters. When biotin synthase underwent a reaction with only ϳ1 eq of SAM, a new EPR signal was formed in approximately stoichiometric concentration with 9-MDTB, consisting of two overlapping rhombic signals in an approximate 2:1 ratio with g ϭ 1.880, 1.955, and 2.010 and g ϭ 1.845, 1.940, and 2.000 (19) . Prior observation of these EPR signals and subsequent Mössbauer analysis suggested that the signals were attributable to the generation of a [2Fe-2S] ϩ cluster (12) . However, the presence of 9-MDTB suggested that one of the sulfides had been incorporated into this intermediate, and thus more likely, the cluster was formally a [2Fe-S(RS)] 2ϩ cluster.
The structure of this intermediate was further investigated using the pulsed EPR technique hyperfine sublevel correlation (HYSCORE) spectroscopy, using 9-[methyl-13 C]dethiobiotin and [guanidino-15 N[arginine-labeled enzyme to probe the chemical environment of the paramagnetic FeS cluster (20) . The formation of 9-[methylene-13 C[9-mercaptodethiobiotin in the presence of the paramagnetic cluster resulted in the observation of a strong cross-peak (at 2.9 and 4.7 MHz), which is simulated with an isotropic hyperfine tensor of A iso ϭ 2.7 MHz. This strong hyperfine interaction, together with the presence of weak 13 C to 14 N multinuclear coherence peaks, implies that the 9-MDTB intermediate remains as a metal ligand within a [2Fe-S(RS)] 2ϩ cluster. The crystal structure of biotin synthase has been solved in the presence of FeS clusters, dethiobiotin, and SAM ( Fig. 2A) (21) . Most notable in this structure is a closed enzyme active site generated by two additional ␤ strands that complete a full (␤␣) 8 "TIM" barrel structure. This barrel encapsulates an active site in which dethiobiotin and the [2Fe-2S] 2ϩ cluster are buried within the barrel, with the C9 position of dethiobiotin in between the C5Ј position of SAM (3.9 Å C-C distance) and the -sulfide of the [2Fe-2S] 2ϩ cluster (4.7 Å C-S distance) (Fig.  2B) . The approximately linear relationship of the reactive atoms suggests a straightforward mechanism.
In the proposed mechanism ( Fig. 3A) , reductive cleavage of SAM generates a transient 5Ј-dA ⅐ radical that abstracts a hydrogen atom from the C9 position of dethiobiotin, generating 5Ј-dAH and a dethiobiotinyl C9 radical. This radical intermediate moves ϳ2.9 Å through the active site using a hinge motion secured by hydrogen bonds to the ureido ring and is quenched by a reaction with the -sulfide of the cluster. The sulfide is concurrently oxidized by transferring one electron into the cluster, generating 9-MDTB tightly bound as a ligand to a [2Fe-S(RS)] 2ϩ cluster. After dissociation of 5Ј-dAH and methionine and association of a second equivalent of SAM, a similar reaction sequence directed at the C6 position closes the thioether ring and fully reduces the original [2Fe-2S] 2ϩ cluster to two Fe 2ϩ ions that dissociate from the enzyme. Further turnover requires reassembly of this cluster, which in vitro is slowly spontaneous, and in vivo is most likely carried out by the Isc or Suf FeS cluster assembly systems (22) .
Lipoyl Synthase Uses an Auxiliary [4Fe-4S] 2؉ Cluster to Provide Sulfur for Thiol Formation
Lipoic acid is biosynthesized by the action of the radical SAM enzyme LipA on octanoylated carrier proteins, including the E2-protein from the pyruvate dehydrogenase complex (23) and the H-protein from the glycine cleavage system (24), generating the functional lipoyl E2-protein and lipoyl H-protein ( Fig.  1 ). The reaction with the octanoyl H-protein has been more thoroughly characterized, and requires 2 eq of SAM and generates 2 eq of 5Ј-dAH for the formation of each equivalent of lipoyl H-protein (24) .
LipA contains two [4Fe-4S] 2ϩ clusters per protein polypeptide; in addition to a [4Fe-4S] 2ϩ cluster bound to the canonical radical SAM motif, there is a second [4Fe-4S] 2ϩ cluster bound to Cys-68, Cys-73, and Cys-79 (E. coli numbering). Although the wild-type enzyme contained ϳ7 eq of iron and sulfur per polypeptide, a variant in which these three cysteine residues were changed to alanine contained only ϳ3 eq of iron and sulfur per polypeptide and was inactive both for H-protein lipoylation and for conversion of SAM to 5Ј-dAH (25) . Informed by the role of the auxiliary FeS cluster in biotin synthase, this second [4Fe-4S] 2ϩ cluster was proposed to be a sulfur donor for the conversion of the octanoyl group to the lipoyl group. When enzyme turnover was carried out with a mixture of 34 S-labeled enzyme and natural abundance 32 S-enzyme, the lipoyl H-protein generated was a mixture of products with either two 34 S atoms or two 32 S atoms incorporated; only ϳ9% of the product contained both 34 S and 32 S in the same lipoyl group (26) . This result demonstrated either that the thiol addition reaction was highly concerted or that it was a stepwise reaction in which a monothiolated intermediate remained tightly bound to LipA during dissociation of 5Ј-dAH and methionine and binding of a second equivalent of SAM.
Up to this point, studies of LipA were hampered by the difficulty of obtaining large quantities of substrate and characterizing a large lipoylated protein product. Roach and co-workers (27) discovered that LipA from the thermophilic organism Sulfolobus solfataricus would accept an octanoylated tetrapeptide as a substrate, allowing chemical synthesis of the substrate and direct characterization of intermediates and products by NMR and LC-MS analysis. When the reaction mixture was quenched in acid, they were able to detect formation of a monothiolated intermediate that was identified as a 6-thiooctanoyl peptide by NMR analysis (28) .
Using full-length octanoyl H-protein and LipA from E. coli, Booker and co-workers (29) were able to detect a species in which the H-protein and LipA co-purified on an ion exchange column, suggesting the presence of a covalent cross-link. The cross-link was rapidly destroyed by treatment with acid, consistent with ligation of the monothiolated H-protein to an FeS cluster on LipA. Using Mössbauer spectroscopy, they were able to establish that this cross-linked protein also contained a modified FeS cluster. Although the initial enzyme contains two [4Fe-4S] 2ϩ clusters, the isolated cross-linked species contains a paramagnetic [3Fe-4S] 0 or [3Fe-3S(RS)] ϩ cluster. Switching to an octanoylated 8-residue peptide and using LipA from Ther-mus thermophilus, they were able to measure kinetically competent formation (k 1 ϭ 1.1 min Ϫ1 ) and decay (k 2 ϭ 0.017 min Ϫ1 ) of the 6-thiooctanoyl peptide intermediate using LC-MS. They also observed formation of the paramagnetic cluster in parallel with this intermediate, which then decayed to predominantly free Fe 2ϩ during conversion of 6-thiooctanoyl peptide to lipoyl peptide.
Together these data are consistent with a mechanism (Fig.  3B ) in which reductive cleavage of SAM generates a 5Ј-dA ⅐ radical that abstracts a hydrogen atom from the C6 position of the octanoyl protein or peptide substrate. The octanoyl C6 radical is then quenched by reacting with a sulfide in the auxiliary [4Fe-4S] 2ϩ cluster, generating a 6-thiooctanoyl intermediate. The 3 . The proposed mechanisms for radical SAM enzymes that introduce sulfur atoms as thioether or thiol functional groups. A, the proposed mechanism for thioether bond formation in biotin catalyzed by biotin synthase. In the first half-reaction, a C9 dethiobiotinyl radical is quenched by a reaction with the [2Fe-2S] 2ϩ cluster, leading to formation of 9-MDTB, which remains as a ligand to a [2Fe-S(RS)] ϩ cluster. The second half-reaction is similar, with radical SAM chemistry directed at the C6 position, closing the thioether ring. B, the proposed mechanism for the stepwise introduction of two thiol groups into octanoyl proteins catalyzed by LipA. In the first half-reaction, a C6 octanoyl radical is quenched by the auxiliary [4Fe-4S] 2ϩ cluster, leading to formation of a 6-thiooctanoyl protein, which is proposed to remain as a tightly bound ligand to a [3Fe-3S(RS)] ϩ cluster. The second half-reaction leads to introduction of a another sulfur from this intermediate cluster at the C8 position, generating lipoylated protein and leading to dissociation of the remnant FeS cluster. C, the proposed mechanism for introduction of the methylthiol functional group into aspartate 89 of the ribosomal S12 protein catalyzed by the radical SAM enzyme RimO. In the first half-reaction, a sulfide (or possibly persulfide) ion bound at the auxiliary [4Fe-4S] 2ϩ cluster carries out a nucleophilic attack on the methyl group of SAM, generating a tightly bound methanethiol intermediate. In the second half-reaction, reductive cleavage of SAM generates a 5Ј-dA ⅐ radical that abstracts a hydrogen atom from Asp-89. The aspartyl C3 radical is quenched by the transfer of the methanethiol group, resulting in formation of the methylthiolated protein residue with concomitant reduction of the FeS cluster. D, the formation of a thioether peptide cross-link by the enzyme AlbA. The peptide substrate is proposed to bind as a ligand to the auxiliary [4Fe-4S] 2ϩ cluster. Abstraction of a hydrogen atom from the ␣-carbon of another residue in the peptide generates a radical that is quenched by capture of the cysteine sulfur, generating a stable thioether peptide cross-link. 
Methylthioltransferases Catalyze Both Traditional Methyl Transfer and Sulfur Insertion Reactions
The addition of a methylthiol group has been discovered as a common post-transcriptional modification on certain tRNAs, where the methylthiol group is found on adenosine 37 (Fig. 1) next to the anticodon, and as a post-translational modification on protein S12 in the ribosome 23 S subunit, where it is found on aspartate 89 (Fig. 1 ), a residue located near the peptidyltransferase site in the intact ribosome. The methylthiol group on tRNAs is introduced at C2 of 6-isopentenyladenosine by the enzyme MiaB (30, 31) , and at C2 of 6-threonyladenosine by the homologous enzyme MtaB (32) . The methylthiol group on the ribosomal S12 protein is introduced at the C3 position of Asp-89 by the homologous enzyme RimO (33); it is as yet unclear whether this occurs prior to or after assembly of the 23 S subunit. Because MiaB and RimO are homologous enzymes that catalyze chemically identical reactions, they are believed to utilize the same fundamental mechanism, and they will be discussed interchangeably in this review.
Both MiaB and RimO from Thermotoga maritima contain two [4Fe-4S] 2ϩ clusters (34, 35) . In T. maritima MiaB, the canonical radical SAM [4Fe-4S] 2ϩ cluster binds to Cys-150, Cys-154, and Cys-157, whereas a second [4Fe-4S] 2ϩ cluster binds to Cys-10, Cys-46, and Cys-79 (34) . In T. maritima RimO, a similar auxiliary [4Fe-4S] 2ϩ cluster is bound to Cys-17, Cys-53, and Cys-82 (35) . These cysteine residues account for coordination to three iron atoms within the cluster, suggesting that the fourth ligation position is available to coordinate to the substrate or to participate in catalysis. When MiaB is assayed with selenide (Se 2Ϫ ) substituted for sulfide in the assay buffer, the tRNA is modified with methylselenide, suggesting that the in vitro sulfur source is sulfide, persulfide, or polysulfides, which could be binding to the available coordination position of the auxiliary FeS cluster (30) . The source of the methyl group was identified as SAM using [methyl-3 H]SAM, which resulted in the production of 3 H-labeled N 6 -isopentenyl-2-methylthioadenosine (30) . The transfer of a methyl group from SAM should produce S-adenosylhomocysteine (SAH), which was detected in 3-fold excess as compared with the amount of methylthiolated RNA (36, 37) .
The incorporation of selenide from the buffer and a methyl group from SAM suggests two plausible reaction sequences. One possibility is that the substrate is thiolated in a reaction similar to that catalyzed by BioB and LipA, and the resulting thiolated intermediate is subsequently capped with a methyl group from SAM in a traditional nucleophilic methyltrans-ferase reaction. Alternatively, sulfide (or selenide) could bind to the auxiliary FeS cluster at the open coordination position and become capped with a methyl group to generate a methanethiolate (or methylselenide) intermediate, which is then transferred to the substrate in a radical reaction. To explore these possibilities, the MiaB reaction was run in the presence of exogenous methylselenide, and the methylthiolated tRNA product contained ϳ9:1 selenium to sulfur in the modified base. Further, HYSCORE spectroscopy was carried out using [ 77 Se]methylselenide and MiaB in which the radical SAM cluster had been eliminated by mutagenesis and the auxiliary FeS cluster had been reduced to a paramagnetic [4Fe-4S] ϩ oxidation state using dithionite. The observation of a strong cross-coupling peak with a hyperfine interaction tensor of 3.8 MHz indicates that methylselenide is binding directly to the auxiliary cluster (37) .
Further studies have subsequently been carried out with RimO, which accepts a 12-residue peptide substrate corresponding to Arg-83 to Tyr-95 of the ribosomal S12 protein. In the presence of SAM, but in the absence of the peptide substrate and a reductant, the enzyme produces 1 eq of SAH (36) . When the assay is repeated with [methyl-14 C]SAM, 1 eq of radiolabel becomes associated with the enzyme in a manner that can be readily released by treatment with hydroxide or urea. GC-MS analysis was used to confirm the identity of the intermediate as methanethiol, which is formed in a 1:1 stoichiometry with SAH. When the reaction was supplemented with exogenous methanethiol together with [methyl-2 H 3 ]SAM, both unlabeled (from methanethiol) and 2 H-labeled (from SAM) methylthiolated peptides were generated in an ϳ1:1 ratio, suggesting that exogenous methanethiol can compete with enzyme-generated methanethiol. Perhaps most informative, in contrast to the production of SAH, which occurs in the presence or absence of a reductant, the generation of 5Ј-dAH and the methylthiolated product both required the presence of a reductant.
The structure of T. maritima RimO has been solved (37) with two [4Fe-4S] 2ϩ clusters but in the absence of SAM or the peptide or protein substrate (Fig. 2C) . The overall structure contains three major domains. The radical SAM domain contains a [4Fe-4S] 2ϩ cluster bound at the C-terminal end of a partial (␤␣) 6 barrel, similar to the structural topology observed in the radical SAM enzymes HemN and MoaA. A second [4Fe-4S] 2ϩ cluster is bound at the N-terminal end of a five-stranded ␤ sheet in the UPF0004 domain. Finally, a small domain containing five ␤ strands, which has homology with MiaB, has been termed the TRAM domain and is proposed to be involved with recognizing with the RNA or protein substrate. The two [4Fe-4S] 2ϩ clusters are ϳ8 Å apart, and a chain of electron density is observed between these clusters that is modeled as a pentasulfide chain. This chain occupies space that is most likely occupied by SAM in the active enzyme, but it may show the likely binding site of sulfide or persulfide, as well as the methanethiol intermediate (Fig. 2D ).
Together these data suggest the following reaction sequence (Fig. 3C ). Sulfide or persulfide is bound at the unique iron of the auxiliary [4Fe-4S] 2ϩ cluster. In vivo this sulfur may be deposited by the action of IscS or a similar cysteine desulfurase. SAM binds at the radical SAM site, but reacts in a nucleophilic methyl transfer reaction, generating methanethiol or a methylpersulfide intermediate. SAH dissociates and a second equivalent of SAM binds, and in the presence of a reductant, reductive cleavage of SAM generates a 5Ј-dA ⅐ radical that abstracts a hydrogen atom from the substrate, for example, in RimO generating a C3 carbon radical on Asp-89 of the S12 protein. This radical is then quenched by reacting with the sulfur of methanethiol, in a reaction that has mechanistic similarity to the thioether bond ring-closing reaction of biotin synthase. Concurrent with transfer of the methylthiol group to generate the product, the auxiliary FeS cluster would be reduced by transfer of an electron from the sulfur atom. Electron transfer back to the radical SAM cluster or to an exogenous oxidant could facilitate additional rounds of turnover.
Sactibiotics Are Peptide Antibiotics That Contain Cysteine to ␣-Carbon Thioether Cross-links
Ribosomally synthesized peptide antibiotics are now known to be produced by most organisms, from bacteria to humans. The peptides are typically too small to have a single defined structure and are often post-translationally modified with cross-links between adjacent peptide strands. Common types of cross-links include traditional disulfide bonds, lantibiotic thioether bonds, in which a cysteine is cross-linked through Michael addition to dehydroserine or dehydrothreonine, and sactibiotic thioether bonds, in which a cysteine is attached to the ␣-carbon of any other amino acid. Sactibiotic thioether bonds are generated through the action of a radical SAM enzyme (38) . Examples include subtilosin A, generated by modification of the precursor peptide SboA by the radical SAM enzyme AlbA; sporulation killing factor, generated through the action of the radical SAM enzyme SkfB on the precursor peptide SkfA; and thuricin CD, generated from the precursor peptides TrnA and TrnB through the combined action of the proposed radical SAM enzymes TrnC and TrnD.
Subtilosin A is a 35-residue cyclic peptide from Bacillus subtilis that contains three cross-links between cysteine residues and the ␣-carbon of either phenylalanine (Fig. 1 ) or threonine. The three-dimensional NMR structure shows a single loop in which two helices are held rigidly together by the thioether cross-links (39) . The radical SAM enzyme AlbA catalyzes thioether bond formation coupled with the conversion of SAM to 5Ј-dAH. In addition to the canonical radical SAM [4Fe-4S] 2ϩ cluster binding site, AlbA contains a second [4Fe-4S] 2ϩ cluster bound to Cys-408, Cys-414, and Cys-417 (B. subtilis numbering) in a C-terminal domain termed the SPASM domain (40) . A triple cysteine to alanine variant lacking this auxiliary cluster was not able to generate thioether cross-links. Studies of thioether bond formation using mutagenesis of the precursor peptide demonstrated that a leader peptide found in the precursor peptide SpoB was absolutely required for recognition by AlbA, and the formation of the three cross-links was highly cooperative, in that only very low concentrations of singly or doubly cross-linked peptides were observed, suggesting that all three cross-links are introduced within the same SboA-AlbA complex. However, the reaction was not strictly processive, as mutation of any one of the cysteine residues to alanine did not prevent cross-linking of the other residues.
Sporulation killing factor is a 26-residue cyclic peptide produced by B. subtilis that is cross-linked by one disulfide bond and one thioether bond. The disulfide bond is proposed to be introduced by SkfH, a protein with homology to thioredoxin, whereas the thioether bond is introduced by SkfB, a radical SAM enzyme. In addition to the radical SAM cluster binding site, SkfB binds a second [4Fe-4S] 2ϩ cluster to Cys-380, Cys-385, and Cys-387 (B. subtilis numbering) (41) . Mutagenesis of this cluster binding site resulted in an enzyme that was inactive for thioether bond formation. Two further mutagenesis experiments with the SkfA precursor peptide provided some insight into the specificity of thioether bond formation. First, mutagenesis of Cys-4 to Ser did not result in ether bond formation, suggesting that the radical bond-forming reaction is specific to sulfur thioether bonds. Second, mutagenesis of the acceptor site, Met-12, to several other amino acids indicated that virtually all small or hydrophobic amino acids are tolerated, but that large hydrophilic or charged amino acids are not tolerated, perhaps pointing toward a buried hydrophobic binding site within SkfB.
A reaction scheme has been proposed ( Fig. 3D ) that is similar to the ring-closing step of biotin synthase and the methylthiol transfer step of MiaB and RimO. AlbA or SkfB are proposed to bind the propeptide such that the cysteine residue becomes the fourth ligand to the auxiliary [4Fe-4S] 2ϩ cluster. The peptide is presumably folded into the active site such that the ␣-carbon of the acceptor amino acid is in close proximity. Reductive cleavage of SAM generates a 5Ј-dA ⅐ radical that abstracts a hydrogen atom from this ␣-carbon position. The resulting amino acid radical is quenched by a reaction with the cysteine sulfur atom, generating the thioether bond and reducing the [4Fe-4S] 2ϩ cluster. Transfer of this electron back to the radical SAM cluster completes the catalytic cycle.
A Common Theme in C-S Bond-forming Radical SAM Enzymes
Several radical SAM enzymes that catalyze C-S bond formation have now been sufficiently characterized that a general theme has emerged. All of these enzymes have a second auxiliary FeS cluster that is crucial for the C-S bond formation reaction. In those enzymes where only a sulfur atom is introduced, this sulfur atom can be scavenged from the FeS cluster itself, but at the cost of low turnover rates due to the need for cluster repair following each catalytic cycle. In those enzymes that can generate or bind a substrate that already contains a sulfur atom, this sulfur atom can be activated through coordination to one iron site within a catalytic auxiliary FeS cluster.
The use of an auxiliary FeS cluster to help catalyze C-S bond formation serves two purposes. First, coordination of a thiol group such as cysteine to the FeS cluster eliminates the thiol proton, which could otherwise quench the substrate radical in a wasteful side reaction. Second, the FeS cluster allows rapid inner sphere electron transfer out of the sulfur-containing substrate or intermediate, which is essential to generate a stable electron-paired C-S bond using organic radical chemistry. Undoubtedly, there are likely to be many more radical SAM enzymes that generate C-S bonds, particularly in both ribosomal and nonribosomal peptide natural product pathways, but the general principles elucidated through the studies described above can serve as a roadmap that guides future work on other systems.
